A novel sliding mode controller (SMC) with nonlinear fractional order PID sliding surface based on a novel extended state observer for the speed operation of a surface-mounted permanent magnet synchronous motor (SPMSM) is proposed in this paper. First, a new smooth and derivable nonlinear function with improved continuity and derivative is designed to replace the traditional nonderivable nonlinear function of the nonlinear state error feedback control law. en, a nonlinear fractional order PID sliding mode controller is proposed on the basis of the fractional order PID sliding surface with the combination of the novel nonlinear state error feedback control law to improve dynamic performance, static performance, and robustness of the system. Furthermore, a novel extended state observer is designed based on the new nonlinear function to achieve dynamic feedback compensation for external disturbances. Stability of the system is proved based on the Lyapunov stability theorem. e corresponding comparative simulation results demonstrate that the proposed composite control algorithm displays good stability, dynamic properties, and strong robustness against external disturbances.
Introduction
Permanent magnet synchronous motor (PMSM) gradually becomes one of the most competitive motion control products because of the inherent advantages of low rotor inertia, high efficiency, and high power density, which has been utilized in industrial applications [1] [2] [3] . In such applications, the speed control for PMSMs becomes a critical task. Because the traditional PID has the advantages of simple structure and being easy to implement, the traditional PID controller is still widely used in the control of PMSMs [4] . However, because of the nonlinear, time-varying, strong coupling of PMSMs, it is difficult to achieve satisfactory motor performance by the use of the traditional PID control algorithm [5] . erefore, various advanced nonlinear controllers have been applied for the control of PMSMs, such as the backstepping controller [6, 7] , predictive controller [8, 9] , active disturbance rejection controller [10, 11] , fuzzy logic controller [12] , and neural network controller [13] .
In recent years, the SMC has become one of the most used nonlinear control methods. Due to the fact that the SMC has many advantages, such as fast response, robustness to parameter variations and external disturbances, and simple realization, it has become a hot topic in the field of nonlinear control [14] [15] [16] [17] . Many improved SMC strategies were also widely used for the control of PMSMs. In Wang et al.'s paper [18] , an adaptive SMC based on an improved sliding mode reaching law was introduced for the control of PMSMs. In another research [19] , a nonsingular terminal SMC was proposed for the speed control of PMSMs. A novel speed controller was designed by the nonsingular terminal SMC with a disturbance observer for the velocity control of PMSMs [20] . In some researches [21, 22] , an adaptive SMC was designed for the speed and current control of PMSMs. In another research [23] , a new exponential reaching law of the SMC strategy was proposed to improve the performance of the control of PMSMs. Fractional order calculus has been widely used for the improvement of the SMC. Traditional integer order calculus can be broadened by using the fractional order calculus to be arbitrary numbers. Researchers have designed many SMC strategies by using fractional order calculus. For example, a fractional order SMC algorithm was designed for the control of antilock braking systems [24] . In another research [25] , a fractional order SMC strategy based on parameter autotuning was designed for the velocity control of PMSMs. A fractional order exponential switching technique was designed to enhance the SMC strategy in [26] . In Yang et al.'s paper [27] , a fractional order terminal SMC algorithm was designed for the control of the buck converter. In Kerrouche et al.'s paper [28] , a fractional order SMC strategy was designed for the control of the distribution static synchronous compensator. An adaptive supertwisting fractional order nonsingular terminal SMC strategy was designed for the control of cable driven manipulators in [29] . e fractional order PID (FOPID) sliding mode variable structure controller (SMC-FOPID) was designed by utilizing the FOPID sliding surface in references [30] [31] [32] [33] . An extended state observer (ESO) and a nonlinear state error feedback control law (NLSEF) were proposed by Han [34] . e NLSEF was adopted to confine errors in the systems, and the ESO was widely utilized to estimate the unknown disturbances of nonlinear systems [35] [36] [37] .
In order to improve that dynamic performance, static performance, and robustness of the SMC-FOPID and considering the advantages of the NLSEF, a novel nonlinear FOPID (NFOPID) sliding surface is developed in this study. First, a new continuous and derivable nonlinear function with improved continuity and derivative is designed to replace the traditional nonderivable nonlinear function of the traditional NLSEF; then, based on the FOPID and with the combination of a novel NLSEF, a novel NFOPID sliding surface is developed; lastly, an improved SMC with the novel NFOPID sliding surface (SMC-NFOPID) is proposed for the speed control of the SPMSM in this work. Because of the inclusion of the novel NLSEF, the controller can improve dynamic performance, static performance, and robustness of the system. To the best of our knowledge, the structure of the SMC-NFOPID strategy is first proposed in the existing literature. Furthermore, a novel ESO based on the new nonlinear function is designed combining the SMC-NFOPID strategy in order to eliminate the influences caused by sudden load fluctuations in this paper. is paper is organized as follows: A typical mathematical model of the SPMSM is introduced in Section 2. A novel NLSEF is designed on the basis of a new continuous and derivable nonlinear function, a novel NFOPID sliding surface is proposed based on the FOPID with the combination of the novel NLSEF, and an SMC-NFOPID strategy based on a novel ESO is designed for the speed control of the SPMSM in Section 3. Stability of the system is proved on the basis of the Lyapunov stability theorem in Section 4. Comparative simulations and analysis are illustrated in Section 5. Finally, some conclusions are given in Section 6.
Mathematical Model of the SPMSM
PMSM is a nonlinear, strong-coupled, and multivariable complex system. A common dq-axis mathematical model is used to analyze the PMSM in this section. e flux linkage equation of the PMSM in the synchronous rotating reference frame is as follows:
where φ f is the flux linkage of the permanent magnet; φ d and φ q are the dand q-axis flux linkages, respectively; L d and L q are the dand q-axis inductances, respectively; and i d and i q are the stator currents of the dand q-axis, respectively. e voltage equation of the PMSM in the synchronous rotating reference frame is as follows:
where R is the stator resistance; u d and u q are the dand q-axis stator voltages, respectively; and ω is the mechanical rotor angular speed of the PMSM. Electromagnetic torque equation is as follows:
where T e is the electromagnetic torque and p n is the number of pole pairs; substituting (1) into (3), we get
e SPMSM is considered, and we have L d � L q � L; then, (4) can be rewritten as follows:
Under a mechanical load torque, the mechanical equation of the SPMSM can be expressed as follows:
where J is the rotational inertia, B is the viscous friction coefficient, and T L is the applied external load torque. Afterwards, with the control strategy of i d � 0, the state equation of the SPMSM can be obtained as follows:
_
In order to achieve good stability, dynamic properties, and strong robustness against external disturbances, an SMC-NFOPID strategy with a novel ESO is designed for the speed control of SPMSM drive systems in this paper.
Controller Design
e motor speed error is defined as
where e(t) is the tracking error, e(t) ∈ R; ω(t) is the mechanical rotor angular speed; and ω r (t) is the given value of the mechanical rotor angular speed. Based on the SPMSM state equation, the speed control algorithm should guarantee the precise tracking of the reference angular speed value ω r (t) of the motor. e proposed sliding mode control with the NFOPID sliding surface for the speed operation of the SPMSM based on a novel ESO control structure diagram using the i d � 0 control strategy is shown in Figure 1 .
Definition 1 (referring to [23, 38] ). e traditional sliding surface s can be defined as follows:
where c is the positive coefficient. In the meantime, to further ensure high performance in the reaching phase, we choose the following exponential reaching law:
where k ∈ R + and η ∈ R + are the switching gain and exponential coefficient of the regular exponential reaching law, respectively, and sign(s) is the sign function, which is defined as follows:
Taking the time derivative of the sliding mode surface (10) and substituting (10) into (11) , we obtain
Sequentially, substituting (8) and (9) into (13), we get
erefore, the control law of the traditional SMC (TSMC) is designed as follows:
e generalization of integration and differentiation to noninteger order is fractional calculus [32] .
Definition 2 (referring to [32, 33] ). In the fractional calculus, Γ(·) is the gamma function given by
which satisfies R(z) > 0.
Definition 3 (referring to [32, 33] ). e αth-order Riemann-Liouville fractional derivative of function f(t) with respect to t and the terminal value t 0 is given by
where 0 < ε < 1. e Riemann-Liouville definition of the αth-order fractional integration is given by
where − 1 < u < 0. 
Lemma 1 (referring to [31]). Fractional derivatives and integrals have the composition rules as follows:
d n dt n t 0 D ε t f(t) � t 0 D ε+n t f(t), d n dt n t 0 D u t f(t) � t 0 D u+n t f(t).(19)
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Definition 4 (referring to [30] [31] [32] ). e fractional order sliding PID surface s FOPID can be defined as follows:
where K p , K i , and K d are the positive coefficients. e FOPID sliding surface structure diagram is shown in Figure 2 .
An exponential reaching law is designed as follows:
Taking the time derivative of the sliding mode surface (20) , according to Lemma 1, and substituting (20) into (21), (21) can be rewritten as follows:
Sequentially, substituting (8) and (9) into (22), equation (22) can be rewritten as
en, the control law of the SMC-FOPID can be designed as follows: In order to improve the dynamic performance, static performance, and robustness of the FOPID-SMC, a novel NFOPID sliding surface is developed in this paper. e novel NFOPID sliding surface is based on FOPID by the combination of a novel NLSEF. e core of the conventional NLSEF is the nonlinear function fal(·). e expression of the conventional nonlinear function fal(·) is given as follows [34] :
where δ and α are the filter factors and nonlinear factors of fal(·), respectively. e corresponding function curves of the function fal(·) are shown in Figure 3 (a). e nonlinear function fal(·) is continuous, but it is nonderivable, so the high-frequency flutter phenomenon will be produced by the function fal(·). us, a new nonlinear function f new (·) is designed in this section. e function f new (·) is a continuous and derivable nonlinear function, and it is expressed as follows:
where 0 < δ < 1, 0 < a < 1, and R 1 , R 2 , R 3 are the parameters that need to be determined. Continuous and derivable conditions can be satisfied by the following expressions:
en,
Sequentially, R 1 , R 2 , and R 3 can be determined as
us, the expression of f new (·) can be obtained as follows:
e corresponding function curves of the function f new (·) are shown in Figure 3 Mathematical Problems in Engineering e nonlinear function fal(·) is actually an empirical knowledge of control engineering [34, 39] . However, it is nonderivable, and the high-frequency flutter phenomenon will be produced by the function fal(·). e new nonlinear function f new (·) has the following characteristics: it is a continuous and derivable function which reduces the highfrequency flutter phenomenon, and the value of α influences the nonlinearity degree of f new (·); f new (·) exhibits the characteristics of small errors (|x| ≤ δ) with higher gains (|f new (x, α, δ)| > |x|); on the contrary, large errors (|x| > δ) correspond to lower gains (|f new (x, α, δ)| < |x|), so it can force the error signal to attenuate to zero quickly, it has the characteristic of fast convergence function, and the function has the characteristic of saturating the error. A FOPID has the weaknesses of being simple and tough, which may consequently make it more difficult to meet demands for the high quality of the control system [40] . As a result, an NFOPID sliding surface is designed, the error signal e passes through the nonlinear function f new (·) to obtain f new (e(t)), and the new nonlinear function f new (e(t)) is applied on the integral and differential terms in the NFOPID sliding surface.
en, a novel NLSEF based on the new nonlinear function f new (e(t)) compensates the insufficiency for relatively simple and rough signal processing of FOPID. e NFOPID sliding surface structure diagram is shown in Figure 4 . Satisfactory comprehensive control performance in the sliding phase can be obtained by using the NFOPID manifold.
Definition 5.
e proposed NFOPID sliding surface s NFOPID can be defined as follows:
where K p > 0, K i > 0, and K d > 0. We adopt the following reaching law:
Taking the time derivative of the sliding mode surface (31), by Lemma 1, and substituting (31) into (32), we obtain
Sequentially, substituting (8) and (9) into (33), we obtain
en, on the basis of the proposed NFOPID sliding surface, the control law of the proposed SMC-NFOPID input can be obtained as follows:
where load torque T L is regarded as external disturbances; however, in the case of the unknown load torque T L , T L is estimated by a novel second-order ESO (NSOESO) in this paper. Expression of the traditional second-order ESO (TSOESO) is established as follows [34] :
where ω is the mechanical rotor angular speed, β 01 and β 02 are the positive gain parameters of the TSOESO, and b 0 is an estimation of the compensation factor. Once the observer is designed and well tuned, Z 21 is the observation value of ω and T L � − Z 22 /b 0 is the estimated value of the load torque T L . However, the nonlinear function fal(·) is nonderivable, and the high-frequency flutter phenomenon will be produced by the conventional nonlinear function. erefore, an NSOESO is also designed on the basis of the new nonlinear function f new (·). Expression of the NSOESO is established as follows:
According to (8) , (9) , (32) , and (37), (35) could then be expressed as follows: 
Stability Analysis
e stability analysis is divided into two steps in this paper. Theorem 1. Consider the SPMSM system (8) and (9) with the load torque regarded as external disturbances (37) and under the SMC-NFOPID control law given by (38) . Wherever the initial state, the control output can drive the initial state converge to the sliding manifold. en, the tracking error can be bounded for a given reference mechanical rotor angular speed signal in finite time.
Proof.
Step 1. a Lyapunov function candidate of the proposed SMC-NFOPID is selected as
According to (8) , (9) , (31) , and (32), the first-order time derivative (39) can be represented as follows:
For notional brevity, we define u � i q , b � (3p n φ f )/ (2J), c � 1/J, and a � B/J, where ΔT L is the total disturbance of the system. e parameters of the SPMSM will change, but the variable is bounded. us, cΔT L < λ, where λ is a constant, and it is an upper bound of cΔT L . According to stability theory of Lyapunov function, if _ V < 0 and V > 0 are satisfied, the closed-loop system is asymptotically stable, and then it can be obtained as follows:
where − ks 2 NFOPID < 0; consequently, if η > K p λ is satisfied, then _ V < 0 is satisfied. en, when time tends to reach infinity, s NFOPID (t) goes to zero. Accordingly, we can easily conclude that the sliding surface s NFOPID (t) will be bounded in finite time as |s NFOPID | ≤ Θ.
Step 2. the stability and convergence property of the fractional order system have to be proved. It means that the finite-time convergence of the control error e(t) will be briefly proved using the similar procedure from references [29, 41] .
Combining |s NFOPID | ≤ Θ with equation (31), we obtain
Using (42), the following form can be obtained:
When K d − s NFOPID (D ε t f new (e(t))) − 1 > 0 holds, (43) will still remain in the NFOPID form as (31) . According to (42) and (43), the system trajectory will persistently converge to the NFOPID sliding surface (31) until we have |D ε t f new (e(t))| ≤ (1/K d )Θ.
Using (42), the following form can also be obtained:
Using the similar procedure to (44), we can also get |D u t f new (e(t))| ≤ (1/K i )Θ. Sequentially, we have It means that the finite-time convergence of the control error e(t) is briefly proved; then, the control error is bounded and the stability of the closed-loop control system is proved. is proves eorem 1.
Comparative Simulations and Analysis
In order to validate the effectiveness of the proposed controller, we carry out the comparative simulations in the MATLAB/Simulink environment in this section. e parameters of the simulation SPMSM are listed as follows: the nominal voltage U � 400 V, the stator phase resistance R s � 0.958 Ω, the cross-axis inductance L d � L q � L � 5.25 mH, the magnetic chain of permanent magnets φ f � 0.1827 Wb, the moment of inertia J � 0.009kg·m 2 , the viscous damping B � 0.008 (Nm·s)/rad, and the pole pairs p n � 4. e coefficient of the TSMC is designed as c � 0.1. Table 1 presents the parameters of the SMC-FOPID and the proposed SMC-NFOPID strategies.
To execute simulation, the reference speed is set as 10 rad/s at 0 s and the test time is set as 0.5 s. e sliding surfaces of three control strategies are shown in Figure 5 . From Figure 5 , it can be seen that the proposed SMC-NFOPID strategy reaches the sliding surface s � 0 in less time compared to the TSMC and SMC-FOPID strategies.
In the first simulation test, a comparison of step response is made, as shown in Figure 6 . Figure 6(a) shows the reference speed is set as 10 rad/s at 0 s which is applied to the SPMSM in the absence of external load and test time is set as 2.5 s. It obviously shows that the proposed SMC-NFOPID strategy has a shorter adjustment time than those of the TSMC and SMC-FOPID strategies. Figure 6 (c) shows the reference speed is set as 10 rad/s at 0 s which is applied to the SPMSM under the existence of 5 N·m load and the test time is set as 2.5 s. It evidently shows that the proposed SMC-NFOPID strategy also exhibits shorter response time than those of the TSMC and SMC-FOPID strategies. From Figure 6 (b), it can be clearly seen that the TSMC and SMC-FOPID strategies have severe buffeting, and by comparison, the proposed SMC-NFOPID strategy is relatively smooth. Figure 6(d) shows that the proposed SMC-NFOPID strategy still has a good tracking performance, and the tracking error is still small which is applied on the SPMSM with 5 N·m load; however, the TSMC and SMC-FOPID strategies become much worse. Figures 7 and 8 show response curves under the TSMC, SMC-FOPID, and SMC-NFOPID strategies for a square wave signal input and a sinusoidal signal input, respectively. e results all show that the system with the SMC-NFOPID strategy has better tracking ability than those of the TSMC and SMC-FOPID strategies.
In order to display the influence of the nonderivable properties of the traditional function fal(·) compared with the new function f new (·) on the effect of the control strategy, we do the following comparative simulation verifications. Figure 9 compares the time response curves of the NFOPID sliding surface based on the new function f new (·) and the conventional function fal(·). We set the parameters of the conventional function the same as those of the new function f new (·). e parameters of the conventional function fal(·) are designed as δ � 0.1 and α � 0.25. It can be seen obviously from Figure 9 that the NFOPID sliding surface based on the new function f new (·) reduces the high-frequency flutter phenomenon significantly compared with the NFOPID sliding surface based on the traditional function fal(·). Figure 10 compares the estimation effect of the NSOESO and TSOESO, and we set the parameters of the TSOESO the same as those of the NSOESO. e parameters of the TSOESO are designed as β 01 � 2000, β 02 � 150000, b 0 � 121, δ � 0.1, and α � 0.25. e parameters of the NSOESO are designed as β 01 � 2000, β 02 � 150000, b 0 � 121, δ � 0.1, and α � 0.25. e reference speed is set as 10 rad/s at 0 s which is applied on the SPMSM, and the test time is set as 2.5 s. e response curves of the state variable Z 21 with the TSOESO and NSOESO are shown in Figure 10 , respectively. For wellturned ESO, Figure 10 (a) shows that both the TSOESO and NSOESO can estimate the reference speed closely. However, it can be seen obviously from Figure 10 (b) that the NSOESO exhibits better estimation ability than the TSOESO. As can be seen from Figures 9 and 10 , because of the application of the new function f new (·), the high-frequency flutter phenomenon is reduced significantly. In order to evaluate the performance of the proposed control strategy under an external disturbance, simulations are performed to verify the anti-interference ability of the proposed control strategy. As an external disturbance, the load torque T L changes from 0 N·m to 5 N·m at 1.5 s. Figure 11 shows the result that the NSOESO estimates the load torque disturbance T L . A comparison of control performance is given when the external load disturbance is applied on the motor under three control strategies in Figure 12 and Table 2 . Figure 12 and Table 2 show the dynamic responses of the speed and torque when the external load changes from 0 N·m to 5 N·m at 1.5 s. e speed convergence time of the SMC-NFOPID strategy with the NSOESO (NSOESO-SMC-NFOPID) is 0.035 s shorter than those of the TSMC strategy with the NSOESO (NSOESO-TSMC) and the SMC-FOPID strategy with the NSOESO (NSOESO-SMC-FOPID). Figure 12 and Table 2 also show that the overshoot amount of the proposed control strategy is 3.4% lower than those of the NSOESO-TSMC and NSOESO-SMC-FOPID strategies, and the torque response time of the proposed control strategy is 0.0002 s shorter than those of the NSOESO-TSMC and NSOESO-SMC-FOPID strategies.
According to the above simulation results, it is obvious that the proposed control strategy exhibits shorter convergence time and smaller overshoot amount than those of the conventional control strategies, so the control effect of the proposed control strategy has been verified. 
Conclusions
is paper presents a novel SMC strategy composed of the SMC-NFOPID and the NSOESO for the speed operation of the SPMSM. First, a novel NLSEF is designed on the basis of a new continuous and derivable nonlinear function; then, an SMC-NFOPID is designed on the basis of the FOPID sliding surface with the combination of the novel NLSEF. Furthermore, an NSOESO based on the new nonlinear function is designed. As a consequence, a novel compound control strategy with the SMC-NFOPID based on the NSOESO for the speed operation of the SPMSM is presented in this paper. e stability of the proposed compound controller is proved via the Lyapunov stability theorem. In order to validate the effectiveness of the proposed controller, we carry out the comparative simulations in the MATLAB/Simulink environment. e simulation results confirm that the proposed SMC-NFOPID strategy reaches the sliding surface in less time compared with the TSMC and SMC-FOPID strategies, and the simulation results for the SPMSM are given to show that the proposed composite controller exhibits better dynamic performance, static performance, and robustness against external disturbances than the conventional SMC and SMC-FOPID strategies.
In the future, an adaptive law will be constructed to design switching feedback law gains for the SMC-NFOPID strategy.
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